Early-stage romantic love can induce euphoria, is a cross-cultural phenomenon, and is possibly a developed form of a mammalian drive to pursue preferred mates. It has an important influence on social behaviors that have reproductive and genetic consequences. To determine which reward and motivation systems may be involved, we used functional magnetic resonance imaging and studied 10 women and 7 men who were intensely "in love" from 1-17 months. Participants alternately viewed a photograph of their beloved and a photograph of a familiar individual, interspersed with a distractionattention task. Group activation specific to the beloved under the two control conditions occurred in dopamine-rich areas associated with mammalian reward and motivation, namely the right ventral midbrain and the right caudate nucleus. Activation in the left ventral midbrain was correlated with facial attractiveness scores. Activation in the right medial caudate was correlated with questionnaire scores that quantified intensity of romantic passion. In the left insula-putamen-globus pallidus, activation correlated with trait affect intensity. The results suggest that romantic love uses subcortical reward and motivation systems to focus on a specific individual, that limbic cortical regions process individual emotion factors, and that there is localization heterogeneity for reward functions in the human brain. Keywords: striatum, basal ganglia, ventral tegmental area, face, fMRI
INTRODUCTION
averaged into 64 X 64 before analysis), 20 slices. Voxel size for the functional images was 3.75 X 3.75 X 4.00 mm.
The fMRI data analyses were performed using Statistical Parametric Mapping software (SPM 99 Wellcome Department of Imaging Neuroscience, London, UK Friston et al. 1995) . Functional images were realigned, smoothed with a Gaussian kernel of 8 mm, and normalized to the SPM EPI template brain. (Nineteen participants were recruited, but two were dropped from the study because they moved more than 2 mm.)
We treated each of the stimulus types (Positive, Neutral, Countback1, Countback2) as a separate regressor, modeled as a boxcar function convolved with the canonical hemodynamic response; we applied a high pass filter with a cutoff of 240 sec to remove low frequency signal components. We created contrast images for each comparison for each participant We then analyzed the contrast images across participants using a mixed-effects general linear model, treating participants as a random effect and conditions as a fixed effect. Interpretation of the group analyses was facilitated by inspection of individual results. Time course data are reported as "response," a calculation by SPM99 based on raw data that uses the mean of all the conditions as the baseline.
For planned comparisons (hypothesis-driven analyses), we applied small volume corrections with a sphere as a region of interest (P .05, corrected for multiple comparisons). The coordinates for the centers of the regions of interest were based on a review of fifteen fMRI articles that had studied reward or romantic love (Table 1) .
Rewards in the previous studies included acute cocaine injection, receipt of money and eating chocolate.
Using SPM99, we performed correlations between participant questionnaire scores and brain responses for the PLS and AIM. Also, because another study showed that there are specific BOLD responses in humans to faces rated as beautiful compared to faces rated as average (Aharon et al. 2001) , we had five men and five women (nonparticipants) rate the images for overall "attractiveness." We correlated the attractiveness score difference between Positive and Neutral for each participant with their neural response (for the Positive-minus-Neutral contrast). In addition, because we thought that differences between our data and the findings of the study of longer-term romantic love (Bartels and Zeki 2000) might be caused by the difference in relationship length, we correlated brain responses and months the participants reported having been in love.
We tested for differences between men and women; however, none met the criterion of p<.001 corrected for multiple comparisons.
Anatomical localization. To aid our identification of regions affected, we used the atlas of Duvernoy (1999) and the Talairach Daemon Client (Version 1.1, Research Imaging Center, University of Texas Health Science Center at San Antonio). Data were analyzed for individuals on their T1 images, on the mean T1 image for the group, and on the average 305 T1 MNI template in SPM99. To display some of the data, we chose the SPM99 Single Subject T1 (scanned multiple times) dataset because major landmarks are more visible than in the other renderings. The calculated error for SPM99 anatomic normalization within a group is up to 8 mm between sulci and there is 94% overlap among the same gray matter regions (Hellier et al. 2002; Hellier et al. 2001 ). Thus, the Talairach descriptions of the locations of cortical changes that include Brodmann's areas are an approximation only; we include them in the report because 13 they are useful to compare to other studies. In addition, the data were smoothed with a Gaussian kernel of 8 mm so that any single localization point reported in the tables should be considered within an area of approximately 8 mm. Technical considerations limited us to twenty slices that did not cover the entire brain. Parts of the dorsal neocortex (~1-3 cm from the superior surface) were not sampled in some participants while the ventral temporal lobe was not included in others. Thus, we analyzed separately the amygdala and ventral hippocampus in the nine participants (6 women, 3 men) who had data in those regions.
Localization of activation to the medial caudate appeared to be partially in the ventricle in the normalized group images. To confirm that it was caudate activation, we examined unnormalized individual data. "Importantly, brain sections in the atlas of Duvernoy (1999) show caudate tissue lining the ventricle in the regions where we saw activation (Duvernoy, pages 365-393) and horizontal cadaver sections approx 3.5 mm thick show caudate tissue 3.0-4.0 mm wide protruding into the ventricular space (Brown, unpublished observation; also, see Discussion)." ***The following text will be added: "
We calculated the distance (in mm) from the anterior commissure to the caudate peak activation in each individual and plotted it on a horizontal section from the Montreal Neurological Institute average brain template based on scans from 305 individuals (Fig.   1 ).
RESULTS
Positive-minus-Neutral stimulus contrast (activations Predicted, small volume measurements showed significant differences in the right medial caudate (Fig. 1A , Table 2 ), in the right antero-dorsal caudate body Fig. 1B, Table 2 ), in another region of 14 the right dorsal caudate body, and in the right BA30/retrosplenial cortex (Table 2 ).
Significant bilateral caudate activations were in the antero-dorsal region (Table 2 ).
In the ventral midbrain, significant activation was localized in the region of the VTA/A10 dopamine cells ( Fig. 2A, B ; Also, plots of the time course of the BOLD response show that neural activation increased in response to the Positive image relative to the other conditions, while there was a decrease in the BOLD signal for each control task relative to the Positive stimulus (Fig. 2C) . No caudate region showed a similar time course.
Positive-minus-Countback: We had included the Countback task to provide a distraction between Positive and Neutral stimuliBut also, we reasoned that it might serve as a supplementary control condition. That is, areas showing strong activation for the Positive-minus-Neutral subtraction that also showed activations for a Positiveminus-Countback subtraction may be additional evidence that these represent areas associated with intense romantic love. The Positive-minus-Countback subtraction yielded activations overlapping with the Positive-minus-Neutral subtraction for the right ventral midbrain and the right postero-dorsal caudate Table 2 ), providing more evidence that activation in these regions is specific to the image of the beloved.
Self-report of degree of passionate love. Focusing again on the Positiveminus-Neutral contrast, we conducted a between-subject random effects analysis correlating degree of the BOLD response and participants' scores on the PLS. (Recall that there were no significant correlations among PLS scores, AIM scores, relationship length, and sex.) As shown in Fig. 3 and Table 2 , PLS scores had high positive correlations with activation in two of the regions that were significant for the contrast by itself, the right antero-medial caudate body (r = 0.60; P =.012, Fig 3C) and the septum-fornix region (r = 0.54; P <.008). That is, those who self-reported higher levels of romantic love than others also showed greater activation than others in this region of the caudate and septum when viewing their beloved. As noted by Kosslyn et al. (Kosslyn et al. 2002) , the consistency of a between-subject correlation with a subtraction result provides particularly strong triangulating evidence for the link of a function with an activated area.
Attractiveness effects of the Positive and Neutral faces. The correlation between
the BOLD response and independently rated attractiveness for the Positive image minus the attractiveness of the Neutral image was significant for voxels in the left VTA (r = 0.74, P =.009; Fig. 4 ). This is a different location from activation for the Positiveminus-Neutral contrast, which was in the right VTA (Fig. 2) . the left posterior cingulate cortex/retrosplenial cortex region (Table 3) .
Neutral-minus-Positive stimulus (deactivations
Self-report of general tendency for emotional intensity. Once again using the Positive-minus-Neutral contrast, we correlated degree of activation and participant's scores on the AIM (the AIM was not significantly correlated with the PLS). The AIM is a self-assessment of general affect tendencies, and the correlation with the BOLD response tested for a potentially important trait difference among participants in a study that may involve emotion. The left mid-insular cortex (Talairach coordinates -42,-6,0) was correlated with AIM score (r=0.58; p<.01), a region similar to one where Bartels and
Zeki (2000) reported activation in their study. Thus, a left insular cortical region was affected by the Positive stimulus, but the response varied depending on an individual's self-report of how strongly the person experiences affect in general.
DISCUSSION
Several results support our two predictions that (1) early stage, intense romantic love is associated with subcortical reward regions that are also dopamine-rich (e.g.
Fisher 1998) and (2) romantic love engages a motivation system involving neural systems associated with motivation to acquire a reward rather than romantic love being a particular emotion in its own right (Aron and Aron 1991). Foremost, when our participants looked at a beloved, specific activation occurred in the right ventral midbrain around the VTA, and dorsal caudate body. These regions were significant compared to two control conditions, providing strong evidence that they are associated with specific aspects of romantic love.
The VTA contains dopaminergic cells (A10) that send projections to several brain regions (Gerfen et al. 1987; Oades and Halliday 1987; Williams and Goldman-Rakic 1998) , including the medial caudate where we found specific activations. In addition, both the VTA and caudate regions activated in this study receive visual afferents and respond to visual stimuli (Caan et al. 1984; Horvitz et al. 1997; Saint-Cyr et al. 1990 ).
Although fMRI is limited to measurements of location and relatively long-term neural responses, and cannot determine neurotransmitters used, other electrophysiological, Cortical areas associated with emotion were involved, also, such as the insular and cingulate cortex. However, as expected for a goal-directed state with diverse outcomes, activation of emotion-associated areas varied among individuals depending on their general affect intensity, passion score and the length of the relationship. Two subcortical areas associated with emotion were affected, also: the amygdala and the septum. Amygdala activity was decreased relative to the Neutral stimulus while septal 18 activity was correlated with the PLS score. Deactivation there was seen in the amygdala by Bartels and Zeki, also (2000, 2004) . They suggested that love reduces fearful responses (Bartels and Zeki 2004) . However, amygdala activity plays a role in the recognition of faces in general, and it is not clear why it was specifically involved in studies of romantic love (Kosaka et al. 2003) . The septum was one of the first regions found to be rewarding during electrical self-stimulation (Olds and Milner 1954) . It is activated by VTA self-stimulation reward and medial forebrain bundle self-stimulation reward, and it is involved in several emotional responses in animals, including relief from aversive emotional states (Esposito et al. 1984; Porrino et al. 1984; Porrino et al. 1990; Yadin and Thomas 1996) . Thus, it is consistent with a large body of data that the septum would be active during a reward state. Finally, the lateral septum has also been implicated in pair-bonding in prairie voles (Liu et al. 2001) .
Regional heterogeneity of ventral midbrain area reward functions. To establish
whether the ventral midbrain activation occurred because our participants were feeling romantic passion or were stimulated by an aesthetically pleasing face, we correlated facial attractiveness (as rated by others) with neural activation. This correlation showed that those with more aesthetically pleasing partners compared to the Neutral stimulus showed greater neural activity in the region of the left VTA than those with less attractive partners compared to the Neutral stimulus. Several fMRI studies indicate that the right VTA, where we found activation for our basic Positive-minus-Neutral contrast, is associated with rewards and/or working for rewards (Aharon et al. 2001; Breiter et al. 2001; Elliott et al. 2000; Elliott et al. 2004; Small et al. 2001) , others show bilateral activation of the VTA (Breiter et al. 1997; O'Doherty et al. 2002) . Importantly, Aharon et al. (2001) showed that the left VTA activation was specifically associated with a face deemed aesthetically pleasing ('liking') while right VTA activation increased during presentation of a face that participants would work to see longer ('wanting'). Thus, several fMRI studies corroborate reward effects in the human VTA (Table 1) , but this is the second fMRI study to show a localization effect within the VTA for two aspects of reward, 'wanting' and 'liking' (Berridge and Robinson 2003) , and to show that this effect is lateralized. Caudate effects for the Positive-minus-Neutral contrast were on the right, also, providing more evidence that the lateralized VTA effect is not spurious.
The localization of the VTA activation appears to be quite specific in the figures, given the size of the original voxels, (3.75 x 3.75 x 4.0 mm) and the size of the smoothing filter (8 mm). The specificity appearance is enhanced by the normalized images (2 x 2 x 2 mm). The human VTA is approximately 8 mm across, from anterior to posterior, and 4mm dorsoventral, well within the area covered by several voxels. In addition, by smoothing the data, which tends to enhance effects in large regions of cortex, we probably diluted the observed effect in this small region. The VTA is a small region, however, and given the variability inherent in the brains of subjects and the normalization procedures, we cannot be sure that the activation does not include other surrounding areas.
Regional caudate effects implicate emotion and visual attention functions.
Participants who scored higher than others on the PLS showed greater activation in the right medial caudate body. This region is rich in limbic-associated membrane protein, calbindin, and medial cortical afferents, each of which is associated with higher-order (2000) found activation in the anterior cingulate and mid-insula. Thus, we confirm the results of Bartels and Zeki (2000) that these brain regions are involved, but in addition our results suggest that the activation is dependent on time factors. The time-related activations may be related to memory, familiarity, motivation and attention functions (Velanova et al. 2003; Yamasaki et al. 2002) or an emotional internal state factor such as heart rate (Critchley et al. 2003; Porro et al. 2003) . The correlation in the anterior cingulate is notable because it is implicated in a cardinal trait of romantic love: obsessive thinking; it is also involved in cognition and emotion (Bush et al. 2000; Rauch et al. 2001; Ursu et al. 2003) . The right retrosplenial cortex correlation with length of relationship is of special interest because metabolic activity there increased during satiation for chocolate (Small et al. 2001) and was correlated with level of thirst (Denton et al. 1999) . In any case, these results highlight the importance of these cortical regions for processing stimulus/internal state change, and the importance of taking time factors into account in future studies of human relationships. At the same time, these results must be interpreted cautiously because they are cross-sectional, so that, for example, it is possible they represent differences in the kinds of people that remain intensely in love over a longer period rather than changes over time.
The evolution of romantic love and its distinction from the sex drive. Studies of prairie voles show that D2 dopamine and oxytocin receptor stimulation in the nucleus accumbens is associated with mate preference in females (Gingrich et al. 2000; Liu and Wang 2003) and recent studies of male voles focus on the ventral striatum/pallidum and the distribution of vasopressin and oxytocin receptors; however, oxytocin receptors are found throughout the striatum as well as in the accumbens in both males and females (Lim et al. 2004; Lim and Young 2004) . A comparison with our findings leads us to speculate about the evolution of romantic love: with the development of the human 22 cerebral cortex, ancestral hominids employed the phylogenetically newer cortex and dorsal caudate to initiate partner preference. Romantic love may be a developed form of a general mammalian courtship system, which evolved to stimulate mate choice, thereby conserving courtship time and energy (Fisher 1998). Also, previous fMRI studies of human sexual arousal show regional activation largely different from the pattern we saw for our participants (Arnow et al. 2002; Redoute et al. 2000) , consistent with romantic love being distinct from the sex drive (Aron and Aron 1991; Fisher 1998).
Although sex is an important part of romantic love, the systems appear to be only partially overlapping.
Comparison with a study of longer-term romantic love. Bartels and Zeki (2000) reported findings of an fMRI study on the neural correlates of romantic love, and then reanalyzed their data in relation to another study they carried out on maternal love (Bartels and Zeki 2004). As previously stated, their participants were in love longer, and were not as intensely in love as in the present study (28.8 months vs. 7.3 months t [32] = 4.28, P <.001; PLS scores of 7.55 vs. 8.54, t [31] = 3.91, P <.001). Both studies used seventeen participants and a photograph of the beloved as the positive stimulus.
In the present study, we used a familiar acquaintance as a control while Bartels and Zeki used photographs of friends. Also, we used a distraction task that served as a second control condition, the Countback task. Many of the basic results are remarkably similar. The ventral midbrain region/VTA and dorsal caudate nucleus were activated by romantic love in both studies (Bartels and Zeki 2000, 2004) ; the amygdaloid region was deactivated in both studies; the mid insula, anterior and posterior cingulate were affected in both studies, but in the present study activation in the cortex was found to be correlated with relationship length. The fact that all of the above regions were affected 23 in both studies strongly suggests that they are involved in romantic love in important ways and that reward and motivation systems are critical.
In addition, there were differences between the two studies for the Positiveminus-Neutral contrast. Among them, the present study showed effects in several regions of the caudate, in the septum, and the retrosplenial cortex, and no effect in the dorsal hippocampus or putamen, as was seen by Bartels and Zeki (2000) . These differences may be caused by the difference between early-stage and longer-term romantic love that could not be assessed with the limited time range in our study, but could also be caused by individual characteristic responses that differed between the two samples or by the differences in experimental methods.
Technical considerations and assumptions.
The BOLD responses that we measured were relatively sustained during the presentation of the stimuli and also limited by the hemodynamic response function model that we used. If we had employed other models of response, we might have detected other areas that could be involved. For example, Moritz et al. (2000) reported that caudate-putamen BOLD responses to finger-tapping had a short duration, quite different from the cortex. Also, we base our interpretation of the data on the assumption that a BOLD response largely reflects axon terminal activity and field potentials rather than cell body activity, although the two can be correlated (Arthurs et al. 2004; Logothetis et al. 2001; Mata et al. 1980; Sokoloff 1999 Sokoloff , 1993 . In an animal study using metabolic mapping of natural somatosensory corticostriate activity, increased metabolism was associated with corticostriate axon terminal fields (Brown et al. 2002) . Thus, we interpret the measured activation in the caudate to be largely the result of afferent activity from the cortex, VTA, 24 and intrinsic caudate cell axon collaterals. Likewise, the BOLD response in the VTA may reflect afferent activity from the caudate or accumbens or other region, not necessarily activity of local cells.
The 30 sec trial period to look at faces was relatively unconstrained, although instructions were given. Also, differences between the Positive and Neutral conditions may have been caused by different eye movements or different habituation effects. If number of eye movements had been a major factor, we expect that the frontal eye fields would have shown an effect. It is possible that a difference in habituation is an inextricable factor.
Conclusions.
The results lead us to suggest that early stage, intense romantic love is associated with reward and goal representation regions, and that rather than being a specific emotion, romantic love is better characterized as a motivation or goaloriented state that leads to various specific emotions such as euphoria or anxiety. With this new view of romantic love as a motivation state, it becomes clearer why the lover expresses an imperative to be with a preferred individual (the beloved) and to protect the relationship. Moreover, our results suggest to us that romantic love does not use a functionally specialized brain system. Romantic love may be produced, instead, by a constellation of neural systems that converge onto widespread regions of the caudate where there is a flexible combinatorial map representing motivating stimuli and memories dependent on the individual and the context (Brown 1992; Brown et al. 1998; Lidsky and Brown 1999) . As such, it would be an example of how a complex human behavioral state that includes emotions is processed. Taken together, our results and those of Bartels and Zeki with longer-term in love participants (2000; 2004) show similar cortical, VTA and caudate localization, suggesting that these regions are consistently 25 and critically involved in this aspect of human reproduction and social behavior, romantic love. Further experiments will be needed to determine whether a circumscribed caudate region and specific afferents are necessary to the experience and behaviors of romantic love. Importantly, we found potential regional heterogeneity for different aspects of reward in the VTA, and identified some cortical regions whose neural activation was different for individuals who had been in love over a time scale of months, or who showed affect trait differences. FIGURE LEGENDS Fig. 2A,B . B. The graph of the correlation shows that the neural activity in response to Positive images was greater when the Positive face was more attractive than the Neutral face. 
